We report magnetic properties of the layered itinerant system, Sr 1−x Ca x Co 2 P 2 in the magnetic field up to 70 T. As for the exchange-enhanced Pauli paramagnetic metal SrCo 2 P 2 , the magnetization curve shows two characteristic anomalies. The low-field anomaly is small without obvious hysteresis, and the high-field one is a typical behavior of the itinerant-electron metamagnetic transition (IEMT). Such a successive transition in the magnetization curve cannot be explained by the conventional phenomenological theory for IEMT due to the Landau expansion of the free energy, but by the extended Landau expansion theory with distinguishable two energy states. In the systematical study of Sr 1−x Ca x Co 2 P 2 , furthermore, the metamagnetic transition field decreases and goes to zero as x increases up to 0.5, indicating that the ferromagnetic quantum critical point (QCP) exists at x ∼ 0.5.
Up to now, more than 500 layered AT 2 X 2 -type compounds (A: alkaline metal, alkaline earth metal, lanthanide, T : transition metal, X: metalloid) with the ThCr 2 Si 2 structure (space group: I4/mmm) have been discovered [1] , and found to show a wide variety of interesting physical properties such as heavy-fermion superconductivity in CeCu 2 Si 2 [2] , high-T c superconductivity and nematic hidden ordering in Ba 1−x K x Fe 2 As 2 and BaFe 2 (As 1−x P x ) 2 [3, 4] as well as itinerant-electron ferromagnetism in LaCo 2 P 2 [5] . These properties are highly related to their quasi-two-dimensional (2D) electronic structure, in which the electronic correlation with low-dimensional fluctuation effects becomes strong.
AT 2 X 2 is formed by stacks of A and T 2 X 2 layers alternately and has two types of the interlayer staking bond depending on A and X: one leads so called collapsed tetragonal (cT) structure and the other uncollapsed tetragonal (ucT) one, which categorized by the strength of the X-X chemical bond between neighboring T 2 X 2 layers [6] . In the case of ucT compounds, T 2 X 2 layers are well isolated and their electronic structures are expected to have strong two-dimensionality, while in the case of cT compounds, a strong interlayer interaction would induce three-dimensional characters. Therefore, the strength of the X-X bond would be a key for controlling the dimensionality and physical properties of AT 2 X 2 .
Since it is known that the structure changes from ucT to cT around x = 0.5 as x increases [7] in the Sr 1−x Ca x Co 2 P 2 system, this system should be one of the ideal systems to control the dimensionality of the magnetic interaction and the itinerancy systematically. The SrCo 2 P 2 with the ucT cell is an enhanced Pauli paramagnetic metal without any magnetic orderings [8] . In the ucT region (x ≤ 0.5) in which the electronic structure is expected to be quasi-2D, the Weiss temperature changes from negative value to 0 K with increasing x, suggesting that Sr 1−x Ca x Co 2 P 2 approaches to a ferromagnetic quantum critical point (QCP). In the cT region (x > 0.5) in which Sr 1−x Ca x Co 2 P 2 shows magnetic orderings [7] , the intralayer ferromagnetic moments are coupled antiferromagnetically via layer by layer P-P bondings.
In this paper, we show a novel itinerant-electron metamagnetic transition (IEMT) in the Sr 1−x Ca x Co 2 P 2 system, interpret their characteristic magnetization curves by means of the extended Landau expansion theory, and discuss the itinerant-electronic state in the quasi-2D transition metal pnictide system.
Single crystalline and polycrystalline Sr 1−x Ca x Co 2 P 2 samples were prepared from Sr(2N), Ca(2N5), Co(3N) and P(red, 5N). Pure single crystals of x = 0, 1 were obtained by a tin flux method [5] . High purity polycrystalline samples were synthesized through the following steps. First, SrP, CaP and Co 2 P were synthesized by heating stoichiometric mixtures of the elements. Obtained SrP, CaP and Co 2 P powders were mixed at the ratio of 1.2x : 1.2(1−x) :
1.0. The mixture was pelletized and sealed into an evacuated silica tube and then heated up to 1000
• C. To obtain high homogeneities, we repeated this process at least twice. Excess
SrP and CaP were dissolved in water.
X-ray diffraction (XRD) patterns were measured using Cu Kα radiation, and refined by the Le Bail method, using a computer program RIETAN-FP [9] . The temperature dependent magnetizations of Sr 1−x Ca x Co 2 P 2 were measured by a Quantum Design MPMS-XL system in Research Center for Low Temperature and Materials Sciences, Kyoto University.
Magnetization curves beyond 70 T were measured by using an induction method with a multilayer pulsed magnet at the ultrahigh magnetic field laboratory of the Institute for Solid
State Physics, the University of Tokyo.
Lattice parameters of Sr 1−x Ca x Co 2 P 2 determined from X-ray diffraction measurements are shown in Fig. 1 . The parameter of c is linearly related to the P-P distance between neighboring Co 2 P 2 layers [7] . In the ucT region of x ≤ 0.5, while a is almost constant, c decreases monotonically with x. With decreasing the P-P distance, interlayer couplings in the quasi-2D electronic structure is enhanced. At x = 0.5, a and c show a marked change according to the lattice collapse driven by forming of P-P bonds between neighboring Co 2 P 2 layers. With further increase of x, c decreases and a increases in the cT region.
The temperature dependence of the magnetic susceptibilities χ(T ) of Sr 1−x Ca x Co 2 P 2 is shown in Fig. 2 and the system approaches to the QCP.
In the case of nearly ferromagnetic compounds, χ(T ) often shows a maximum at a finite temperature [13, 15] . In some compounds of Sr 1−x Ca x Co 2 P 2 , χ(T ) shows double maxima.
In the end compound x = 0, the maximum of lower temperature, T max1 , and that of higher temperature, T max2 , are 25 and 110 K, respectively. In our preliminary NMR study, such behaviors are found to be intrinsic. In x = 0.2, T max1 and T max2 are 30 and 97.5 K, respectively. In 0.3 ≤ x ≤ 0.5, T max2 becomes smaller as x increases and T max1 disappears.
In 0.6 ≤ x, the ground state becomes an antiferromagnetic one with an antiferromagnetic interlayer coupling due to the enhanced interlayer P-P coupling.
The magnetization M and their differential dM/dH curves of Sr 1−x Ca x Co 2 P 2 at 4.2 K are shown in Fig. 2(b) . For x = 0, with increasing applied magnetic field H, a small anomaly of a maximum behavior in dM/dH vs. H appears at H c1 = 23 T, and then an obvious peak is observed at H c2 = 59. anomaly becomes blunt as x increases. With increasing x, H c1 becomes larger and then seems to merge with H c2 . Within the ucT region of 0 ≤ x ≤ 0.5, saturation magnetizations are about 0.2 µ B in all compounds. On the other hand, in the case of x = 0.6 compound which has the cT structure, the saturation magnetization is 0.3 µ B and larger than that in the ucT compounds. The electronic state of P changes from isolated P 3− to diatomic P
4− 2
with the lattice collapse [6] . As a result, the hypothetical valence of Co changes and the local spin density on Co becomes larger. From above systematical studies, we obtain the magnetic phase diagram as shown in Fig. 3(a) .
Let us now introduce the Wohlfarth-Rhodes-Shimizu (WRS) theory [16, 17] , which leads to IEMT with the Landau expansion of the free energy. The free energy with the magnetic moment M and the external field H are written as, 
Yamada developed the WRS theory taking spin fluctuations into account and succeeded in explaining the maximum behavior in the temperature dependence of χ(T ), which frequently observed in nearly ferromagnetic itinerant-electron metamagnet as well as present cases [18] .
Though above model based on Landau expansion is quite simple, it succeeds in leading to the single-step IEMT. However, this theory cannot explain our results, in which the magnetization curves show double anomalies. This model employs the free energy of a single state described by Eq. (1). It is equivalent to the assumption that the band structure does not change in the paramagnetic and ferromagnetic states. Removing this assumption,
Takahashi and Sakai introduced a model started from two almost degenerated electronic states [19] . In some metamagnetic compounds such as Y(Co, Al) 2 and La(Fe, Si) 13 , their band structures are changed through the metamagnetic transition and lattice parameters also change by the magnetovolume effect [20, 21] . Thus using two different states is quite reasonable. We introduce state 1 and 2, and use up to the 6th expansion term of the free energies. The free energies of state 1, F 1 (M) and state 2, F 2 (M) are written as, Moreover, present two-states model can explain the double maxima behavior of χ(T ) and the relation between T max and H c . Next we discuss the temperature dependence of the free energy. State 1 is the ground state in the low-temperature region, and then the initially metastable state 2 is stabilized with increasing temperature and becomes the lowest energy state at T max , where F 1 (0, T max ) = F 2 (0, T max ) is satisfied. Because both H c and T max are proportional to ∆F (0) 1/2 , H c and T max are predicted to show a linear relationship [22] . As shown in Fig. 3(b) , H c2 is almost proportional to T max being consistent with the prediction. Note that in the case of x = 0 and 0.2, there are two anomalies both in the temperature dependence of the magnetic susceptibility and the magnetization curve.
The lower-temperature maximum at T max1 is explained by the temperature dependence of expansion coefficients of F 1 (H, T ) as well as the crossover in magnetization curves. A ferromagnetic QCP is found to lies at x = 0.5 in this system. The first-order-like lattice collapse transition from ucT to cT phases occurs at almost the same point (x = 0.5), and antiferromagnetic orderings take place as a ground state in cT region (x > 0.5) by interlayer interactions through the P-P bonding. In the ucT region (x < 0.5), the ferromagnetic interactions are found to increase with a positive chemical pressure by Ca substitution, which is an opposite phenomenon of the usual effect with the band narrowing. In this system, the following two possibilities are candidates as the origin of the enhancement of ferromagnetic interactions. The first candidate is the increase of carrier density at a mainly cobalt contributed band by the decrease of the interlayer P-P distance and the Co-P coupling, and the second one is the suppression of spin fluctuations which disturb magnetic orderings, by the interlayer interactions through the P-P coupling.
In summary, we have found novel metamagnetic transitions and ferromagnetic quantum criticality in Sr 1−x Ca x Co 2 P 2 (x ≤ 0.5) with the quasi-2D ucT cell. Especially, the compounds with x = 0 and 0.2 show two maxima in the temperature dependence of the magnetic susceptibility. These two anomalies have the same origin with the two anomalies in the magnetization curve, that is, the crossover and the IEMT phenomena, which cannot be explained by the conventional WRS theory. We can succeed in quantitatively explaining our result with the extended model assuming two separated states. The present novel results are expected to lead a breakthrough of the field of the itinerant magnetism, especially investigation of the metamagnetism in the quasi-2D system. 
